The hybridization of carbon nano-materials enhances the efficiency of each function of the resulting structure or composites. Also, the addition of non-carbon elements to nanomaterials modifies the electrochemical properties. Electrodes combining porous carbon nanofibers (CNFs) and metal oxides benefit from the combination of the double-layer capacitance of the CNFs and the pseudocapacitive character associated with the surface redox-type reactions. Consequently, they demonstrate superior supercapacitor performance in terms of high capacitance, high energy/power efficiency and high rate capability. This paper presents a comprehensive review of the latest advances made in the development and application of various metal oxide/CNF composites (CNFCs) to supercapacitor electrodes.
Introduction 1)
The increasing demand for clean energy and the growing concern regarding air pollution and global warming have stimulated intense research into energy storage and conversion from alternative energy sources [1] [2] [3] [4] . For this reason, electrochemical capacitors (ECs) are considered promising power sources for portable electronic systems and automotive applications, because of their practical applications as high power devices owing to their large capacitance, long cycling life, and lack of toxic materials [5] [6] [7] [8] [9] . To obtain satisfactory performance, ECs must display high electrical conductivity, high surface area for optimal charge accumulation, sufficient pore diameter and good pore con-nectivity for adequate electrolyte wetting and rapid ionic motion.
Recently, various forms and textures of porous carbons have been examined as possible electrode materials for supercapacitors [10] [11] [12] [13] [14] [15] . The development of various carbonaceous electrode materials for supercapacitors has been an important issue in view of their large specific surface, controlled pore structure, ability to adjust the ratio of micropores to mesopores, good conductivity, and functionalization of the materials [16] [17] [18] [19] . Carbon materials with large specific surface areas due to the presence of micropores exhibit a high capacitance and are known to selectively accommodate effective charge carriers, including the solvation shell of the ions [20] . Moreover, the well-dispersed and interconnected mesopores in the carbons are beneficial for providing short pathways for electrolyte transportation, thereby maintaining high specific energy at high power densities [21] [22] . Among the many types of carbon materials, one-dimensional carbon nanofibers (CNFs) with a three-dimensional interconnected mesoporous texture have attracted increased interest as a promising electrode material for supercapacitors due to their thermal stability, high surface area, chemical resistance, and micropores opening directly to the outer surface [23] [24] [25] [26] [27] [28] .
However, the energy density of carbon materials as an electric double-layer capacitor (EDLC) electrode is much lower than that of secondary batteries, which limits their potential applications, while supercapacitors are ideal for applications that require short-term power boosts such as peak power assistance for batteries in electric vehicles [21, 29] . To overcome the disadvantages of low energy density and specific capacitance, redox-active transition metal oxides such as oxides of Ru, Ni, Co, and Zn are commonly used as faradic electrode materials for pseudocapacitors (PCs) [30] [31] [32] .
In this review, we report various metal oxide/CNFCs prepared by electrospinning as a candidate material for the supercapacitor electrode. The metal oxide/CNFCs are morphologically and electrochemically characterized on the basis of their pore structures and unique microstructural features in order to evaluate their electrochemical utilization in aqueous electrolytes.
Electrospinning
Electrospinning, one of the most established fiber fabrication methods, has attracted much attention because of the ease with which fibers of nano-to micro-scale can be produced from natural or synthetic materials. This method is also a remarkably simple and versatile technique capable of generating continuous fibers directly from a variety of polymers and composite materials. Typically, the diameters of the electrospun fibers can be controlled on the nano-scale range, and the fibers can be deposited as nonwoven mats or aligned into uniaxial arrays and further stacked into multilayered architectures. This technique was demonstrated more than 100 years ago and was first patented in the 1930s [33] . However, electrospinning did not receive much attention until the early 1990s. Electrospun fibers have found widespread use in a broad range of applications because of their intrinsically large surface areas. Fulltime efforts were invested to prepare the nanofibers (NFs) using the electrospinning process on a large industrial scale (100 kg/day) in 2002. This particular invention expanded the mass production capacity to satisfy demands from different fields [34] .
Electrospinning, a fiber spinning technique that relies on electrostatic forces to produce fibers in the nanometer to micron diameter range, has been extensively explored as a simple method to prepare NFs from polymer solutions or melts [35] [36] . In a typical process, an electrical potential is applied between droplets of a polymer solution, or melt, held at the end of a capillary tube and a grounded target (Figure 1) .
A simple and low-cost approach for fabricating CNFs is to utilize electrospinning and subsequent thermal treatment at elevated temperatures to produce 1D carbon structures with suitable pore size distribution without using template carbons. Electrospinning is a method of producing NFs using an electrostatically repulsive force and an electric field between two electrodes by applying high voltage to a polymer solution or a melt, forming a web of NFs [37] [38] [39] [40] . The nonwoven web obtained from the electrospinning is used to produce CNFs through stabilization and carbonization processes. The produced CNFs have a high specific surface area due to the size of the shallow pores. The shallow pores can be formed due to the nanosize fiber diameters, which enhance the specific capacitance at elevated current density. Another advantage of electrospinning is that it can be used to produce a web structure. When used as an electrode, it does not need a second processing step adding a binder and an electric conductor such as carbon black. Therefore, the webs from electrospinning have important advantages such as ease of handling, increased energy density due to large specific surface area, improved conductivity due to increased density of the contact points, and low cost of electrode preparation [41] .
Electrochemical capacitors (ECs)
Among energy storage devices, ECs have attracted considerable attention because of their excellent performance such as long life cycle, high power density, and stability compared with secondary batteries and conventional dielectric capacitors for applications in backup power storage systems, electric vehicles, and communication systems ( Figure  2 ). With the growing development of renewable energy sources as well as hybrid electric vehicles, in which peak power will be needed, these systems are thought to play an important role in complementing or replacing batteries in the energy storage field.
ECs may be divided into two categories according to the capacitance mechanism : EDLCs and PCs [42] [43] . The energy storage mechanism of EDLCs is an electrostatic attraction with charge accumulation at the electrode/electrolyte double-layer interfaces [44] , whereas PCs store energy by redox reactions on the electrode surface between the electrode materials and the electrolyte, which contribute to the large capacitance [43, 45] . Generally, the highly developed surface area and proper pore size distribution of the carbon electrodes play important roles in the EDLC performance [45] [46] . Despite these advantages, the use of carbon materials for ECs is limited because of their low charge-storage capability due to the resistance to electrolyte migration in the pores [47] . These limitations may be overcome by combining metal oxides with CNFs because the resultant hybrids have the advantages of both the transition metal oxide, which can provide high pseudocapacitance, and carbon, which has good cycling performance [48] [49] and electronic conductivity. Hence, the introduction of metal oxides in carbon materials should allow the utilization of both the faradaic capacitance of the metal oxide and the double layer capacitance of the carbon materials with large specific surface areas, thereby improving the capacitance and energy/power capabilities [50] .
Metal Oxide/CNFCs

RuO2/CNFCs
Among all of metal oxides, RuO2 has been found to be the best material for supercapacitor applications due to its high specific capacitance, high specific energy density, high electrochemical reversibility, and stability in aqueous electrolytes. The aggregations of RuO2 by high surface energy increase the electrical resistance between the electrode and the current collector. Therefore, many studies have investigated the hybridization of high surface area carbon materials with RuO2 as a composite for supercapacitor applications [51] [52] .
Ju et al. reported [53] a method for preparing ruthenium-CNFs by electrospinning the composite solution-mixed ruthenium (III) acetylacetonate as a metal precursor and polyacrylonitrile (PAN). The performance of this method relies on how well the metal precursor is distributed on the fiber web. The nonwoven web obtained from electrospinning was produced as a type of metal particle-embedded activated CNF (ACNF) web through stabilization and activation processes. The Ru-CNF obtained from electrospinning had a higher EDLC and PC than those obtained with other methods. This method provides a synergistic effect that enhances the characteristics of EDLC and PC due to the following two reasons: (i) The expansion of the pore diameter promotes the characteristics of EDLC. The pores were enlarged because of the discharge of the metal precursor during the stabilization and carbonation-activation process. (ii) The embedded metal particles were distributed as nanometer-scale particles.
Lee et al. prepared RuO2/PAN-based fibers by electrospinning a composite solution containing both a desirable amount of ruthenium (III) acetylacetonate as a Ru precursor and a PAN polymer solution dissolved in N,N-dimethylformamide (DMF). The CNF electrodes with/without RuO2 addition are denoted as the Ru-CNF and CNF electrodes, respectively. Figure 3 shows transmission electron microscopy (TEM) images of the dispersed RuO2 nanoparticles embedded in the CNFs. The CNF fibers are well aligned approximately 200 nm in length and with a very smooth surface, as shown in Figure 3a . By contrast, Figure 3b shows 2-to 15-nm particles dispersed over the surface of the CNFs in the Ru-CNF sample. As a result, the formation of much smaller nanoparticles promotes PC because they are fully oxidized to the extent of maximum utilization. Therefore, the redox reaction was much slower as the rate-determining step.
The specific capacitance decreased gradually with increasing discharge current density. The specific capacitance of the CNF web electrode was 140 Fg -1 at 1 mAcm -2 , while the specific capacitance of the Ru-CNF1 (1.29 wt% RuO2-embedded CN) approximately doubled to 284 Fg -1 , which was attributed to the increase in EDLC and PC caused by the formation of more mesopores and smaller Ru particles by electrospinning. The combined effect enhanced the specific capacitance up to 391 Fg -1 for Ru-CNF2 (7.31 wt% RuO2-embedded CN). Furthermore, the capacitances of the CNF and Ru-CNF2 electrodes remained almost constant from 141 and 383 Fg -1 at the 50th cycle to 139 and 382 Fg -1 at the 1000th cycle, respectively. The electrodes were very stable over the tests involving 1000 charge-discharge cycles. Therefore, the ion mobility was facilitated in the pores of the CNFs prepared in this study. This was attributed to the synergistic effect of electric double-layer capacitance as a result of the expansion of the average pore diameter as well as the pseudocapacitance by the well-dispersed RuO2 particles.
V2O5/CNFCs
Amorphous hydrated RuO2 is one of the most attractive candidates for EC electrodes because of its ideal pseudocapacitive behavior, high capacitance and excellent reversibility. Unfortunately, its high cost has hindered the development of RuO2 as commercial acceptable electrodes for faradaic PCs [54] [55] . Vanadium pentoxide (V2O5) has been used as an electrode material for ECs [56] [57] because of its layered structure, high capacity, and ease of preparation. V2O5/carbon composites can improve the electrode performance when a small amount of V2O5 is dispersed uniformly on conducting and porous carbonaceous materials with very-high surface areas while keeping a high amount of heteroatom [58] [59] [60] [61] [62] . Figure 4b reflects the well-crystallized nature of V2O5 [64] . XRD curves of V2O5-20, shown in Figure 4c , were used to further monitor the crystal structure. The broad diffraction peak in the 2q = 20-25° range wis associated with disordered carbon phases. The pattern of V2O5-20 contains peaks at 2q = 25.4, 32.0, 36.5, 50.1°, and 54.2°, which are assigned to the (104), (042), (022), (062), and (021) lattice planes, respectively. Figure 4d shows the core-level binding energy for V (2p) peaks. The binding energies for vanadium 2p3/2 and 2p1/2 observed at 517.2 and 524.8 eV, respectively, agree well with those of V 5+ in V2O5 [65] . The electrochemical properties of CNFC electrodes were studied in two-electrode capacitors using 6 M KOH aqueous electrolyte. The specific capacitance increased in the order V2O5-5 < V2O5-10 < V2O5-20, which indicates that the micropores are beneficial for charge accumulation and that greater capacitance is obtained with large surface area and high electrical conductivity (Figure 5a) . Furthermore, the specific capacitances of the CNFC electrodes at a discharge current density of 20 mAcm -2 decreased by less than 25% of the initial value at 1 mAcm -2
. The Ragone plots (Figure 5b) show that a high power density can be achieved without a significant reduction in the energy density. According to the Ragone plot, both the fibrous morphology and the optimized pore sizes enable the V2O5-20 electrodes (18.8-13.8 Whkg . The enhanced power/energy densities and capacitances are ascribed to the morphological structure of the CNFCs, which interacts with the electrolytes under the assumption of one ion in each pore. The interconnected mesopores sized 3-5 nm provide a good charge propagation and ability for high current loads. Moreover, high pore volumes with mesopores are beneficial for providing quick pathways for electrolyte transportation [66] [67] [68] .
ZnO/CNFCs
Zinc oxide (ZnO) is a suitable candidate for supercapacitor applications because of its good electrochemical activity, low raw material cost, and environmental friendliness among the various metal oxide materials. Unfortunately, the applicability of ZnO remains limited by its low rate capability and poor reusability during cycling, because of slow faradic redox kinetics or electron transport capability at high rates by high resistivity, in the process of developing ZnO as a promising electrode material for supercapacitor applications [69] [70] [71] . Therefore, the combination of the faradaic capacitance of the metal oxide and the double layer capacitance of the carbon materials, with large specific surface areas, improved the capacitance and energy/power capabilities [50, 72] . For example, Kim et al. [73] [74] investigated ZnO-containing porous activated CNFs (ZnO/ACNFs) prepared through one-step electrospinning using zinc acetate and PAN, followed by thermal treatment. The NFs were activated at 800 ℃ by supplying steam in a nitrogen carrier gas. The activated samples were termed ACNF, Zn (20) The results revealed the simultaneous presence of ZnO and the ACNF matrix [75] .
In Figure 7a , the cyclic voltammetry (CV) curves show a mirror image with a rapid current response on voltage reversal at each end potential with a scan rate of 25 mVs ZnO, which can undergo fast redox reactions in aqueous electrolytes, resulting in a pseudocapacitive contribution [76] . (Figure 7c ).
Furthermore, this supercapacitor electrode exhibits excellent cycle life with a specific capacitance ~75% of the initial value after 1000 cycles. After 1000 cycles, the CV curves for both electrodes are rectangular, revealing the stability of the ZnO/ACNF electrodes with acceptable lifetime as a supercapacitor (Figure 7d) . Therefore, the combination of ACNF's high surface area with ZnO's large specific capacity facilitates a synergistic effect between ZnO's faradaic capacitance and ACNF's double layer capacitance, leading to good capacitive behavior.
Conclusion
We have reviewed recent advances in electrochemical applications of metal oxide/CNFC materials, as a promising class of electrode materials for ECs. The electrospun CNFs are a new class of advanced material with unusual properties, such as high specific surface area and high rate properties. Energy storage devices fabricated with these nano-sized diameter CNFs exhibit improved electrical conductivity of the electrode from the increased interconnection density among the NFs, and improved mechanical and conductive characteristics. Generally, carbon materials show cycle stability and high power density but have low capacitance, whereas metal oxides offer higher energy density than carbon materials. Therefore, the introduction of metal oxide in CNFC webs overcomes these disadvantages. The metal oxide/CNFC web electrodes show a superior electrochemical performance to that of pure CNFs in aqueous electrolyte for ECs. The electrodes combining porous CNFs and active sites demonstrated superior supercapacitor performance in terms of high capacitance, high energy/power efficiency and high rate capability, because of the combination of the double-layer capacitance of the CNFs and the pseudocapacitive character associated with the surface redox-type reactions. Hence, metal oxide/CNFCs can be used effectively as supercapacitive active materials in the development of high performance energy-storage systems for portable tools, personal electronics, electric vehicles, hybrid electric vehicles, and plug-in hybrid electric vehicles.
